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(57) ABSTRACT

A silicon carbide semiconductor device includes an element
region and a guard ring region. A semiconductor element is
provided in the element region. The guard ring region sur-
rounds the element region in a plan view and has a first
conductivity type. The semiconductor element includes a
drift region having a second conductivity type different from
the first conductivity type. The guard ring region includes a
linear region and a curvature region continuously connected
to the linear region. A value obtained by dividing a radius of
curvature of an inner circumference portion of the curvature
region by a thickness of the drift region is not less than 5 and
not more than 10. Accordingly, there can be provided a silicon
carbide semiconductor device capable of improving a break-
down voltage while suppressing decrease of on-state current.
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1
SILICON CARBIDE SEMICONDUCTOR
DEVICE

TECHNICAL FIELD

The present invention relates to a silicon carbide semicon-
ductor device, more particularly, a silicon carbide semicon-
ductor device having a guard ring region.

BACKGROUND ART

A guard ring region may be formed in a semiconductor
device such as a MOSFET (Metal Oxide Semiconductor
Field Effect Transistor) to surround a region at which a semi-
conductor element is provided in order to suppress a semi-
conductor element from being broken by concentration of an
electric field.

For example, Japanese Patent Laying-Open No. 2008-
4643 (Patent Document 1) describes a structure of a MOS-
FET made of silicon, the MOSFET including an element
region and a termination region formed to surround the ele-
ment region, a guard ring being formed at the termination
region. According to the MOSFET described in Japanese
Patent Laying-Open No. 2008-4643, a guard ring layer and an
embedded guard ring layer are formed to have curvatures at a
corner portion of the outermost base region such that they are
concentric to each other. Moreover, in order to suppress the
concentration of electric field at the corner portion of the
outermost base region, the outermost base region is config-
ured to have a radius of curvature about twice to four times as
large as the thickness of the drift layer.

CITATION LIST
Patent Document
PTD 1: Japanese Patent Laying-Open No. 2008-4643
SUMMARY OF INVENTION
Technical Problem

However, if a MOSFET employing silicon carbide having
aband gap larger than that of silicon is manufactured such that
the radius of curvature of the outermost base region (in other
words, the radius of curvature of the guard ring formed in
contact with an end portion of the outermost base region) is
about twice to four times as large as the thickness of the drift
layer, an electric field is concentrated at the corner portion of
the guard ring, with the result that the MOSFET may be
broken.

Meanwhile, in order to relax the concentration of electric
field at the corner portion of the guard ring, it is considered to
increase the radius of curvature of the corner portion of the
guard ring. However, a larger radius of curvature leads to a
smaller area of the element region, resulting in a decreased
on-state current.

In view of this, the present invention has an object to
provide a silicon carbide semiconductor device capable of
improving breakdown voltage while suppressing decrease of
on-state current.

Solution to Problem

While silicon has a cubic crystal structure, silicon carbide
can have a hexagonal crystal structure. The silicon having the
cubic crystal structure does not have anisotropy in electric
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field strength, but the silicon carbide having the hexagonal
crystal structure has anisotropy in electric field strength. Spe-
cifically, the electric field strength of the silicon carbide,
having the hexagonal crystal structure, in a direction parallel
to the ¢ axis is about 1.6 times as large as the electric field
strength thereof in a direction perpendicular to the ¢ axis.
Hence, a ratio of the radius of curvature of the guard ring and
the thickness of the drift layer in silicon is simply inapplicable
to silicon carbide. As a result of diligent study, the inventors
have arrived at the present invention by finding that the break-
down voltage can be improved while suppressing decrease of
the on-state current of the silicon carbide semiconductor
device by configuring such that a value obtained by dividing
a radius of curvature of an inner circumference portion of a
curvature region by a thickness of a drift region is set to be not
less than 5 and not more than 10.

A silicon carbide semiconductor device according to the
present invention includes an element region and a guard ring
region. In the element region, a semiconductor element is
provided. The guard ring region has a first conductivity type
and surrounds the element region in a plan view. The semi-
conductor element includes a drift region having a second
conductivity type different from the first conductivity type.
The guard ring region includes a linear region and a curvature
region continuously connected to the linear region. A value
obtained by dividing a radius of curvature of an inner circum-
ference portion of the curvature region by a thickness of the
drift region is not less than 5 and not more than 10.

In accordance with the silicon carbide semiconductor
device according to the present invention, the value obtained
by dividing the radius of curvature of the inner circumference
portion of the curvature region by the thickness of the drift
region is not less than 5 and not more than 10. Accordingly,
the breakdown voltage can be improved while suppressing
the decrease of the on-state current.

Preferably in the silicon carbide semiconductor device
described above, the semiconductor element includes a body
region in contact with the drift region and having the second
conductivity type. A thickness of the body region is larger
than a thickness of the guard ring region. Accordingly, elec-
tric field concentration can be suppressed efficiently at the
corner portion of the body region.

Preferably in the silicon carbide semiconductor device
described above, the guard ring region includes a JTE region
in contact with the body region and having the second con-
ductivity type. Accordingly, the breakdown voltage can be
improved by the JTE region making contact with body region
13.

Preferably in the silicon carbide semiconductor device
described above, the semiconductor element includes a
source region in contact with the body region and having the
first conductivity type, and a source electrode in contact with
the sourceregion. The JTE region is in contact with the source
electrode. Accordingly, the source region can draw electrons
from the JTE region at a high speed, whereby a depletion
layer can be formed also in a high-frequency operation.

Preferably in the silicon carbide semiconductor device
described above, the guard ring region includes a guard ring
not in contact with the element region. Accordingly, the
breakdown voltage can be improved by the guard ring that
does not make contact with the element region.

Preferably in the silicon carbide semiconductor device
described above, a plurality of the guard rings are provided. A
value obtained by dividing a radius of curvature of an inner
circumference portion of a curvature region of an innermost
guard ring of the plurality of the guard rings by the thickness
of' the drift region is not less than 5 and not more than 10. In
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the case where there are the plurality of the guard rings, the
radius of curvature of the innermost guard ring becomes
smaller than the radii of curvatures of the other guard rings.
Because the value obtained by dividing the radius of curva-
ture of the inner circumference portion of the curvature region
of'the innermost guard ring by the thickness of the drift region
is notless than 5 and not more than 10, the breakdown voltage
can be improved while suppressing decrease of on-state cur-
rent.

Preferably, the silicon carbide semiconductor device
described above further includes a field stop region having the
first conductivity type and surrounding the guard ring region
in a plan view. Accordingly, the breakdown voltage of the
silicon carbide semiconductor device can be improved fur-
ther.

Preferably in the silicon carbide semiconductor device
described above, a distance between an outer circumference
portion of the guard ring region and an inner circumference
portion of the field stop region is constant at any position of
the outer circumference portion of the guard ring region in a
plan view. Accordingly, an electric field can be suppressed
from being concentrated locally.

Advantageous Effects of Invention

As apparent from the description above, according to the
present invention, there can be provided a silicon carbide
semiconductor device capable of improving breakdown volt-
age while suppressing decrease of on-state current.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross sectional view showing a con-
figuration of a silicon carbide semiconductor device in an
embodiment of the present invention.

FIG. 2 is a schematic plan view showing the configuration
of the silicon carbide semiconductor device in the embodi-
ment of the present invention.

FIG. 3 is a schematic cross sectional view showing a con-
figuration of a first modification of the silicon carbide semi-
conductor device in the embodiment of the present invention.

FIG. 4 is a schematic cross sectional view showing a con-
figuration of a second modification of the silicon carbide
semiconductor device in the embodiment of the present
invention.

FIG. 5 is a schematic cross sectional view showing a con-
figuration of a third modification of the silicon carbide semi-
conductor device in the embodiment of the present invention.

FIG. 6 is a schematic plan view showing the configuration
of'the third modification of the silicon carbide semiconductor
device in the embodiment of the present invention.

FIG. 7 is a flowchart schematically showing a method for
manufacturing the silicon carbide semiconductor device in
the embodiment of the present invention.

FIG. 8 is a schematic cross sectional view showing a first
step of the method for manufacturing the silicon carbide
semiconductor device in the embodiment of the present
invention.

FIG. 9 is a schematic cross sectional view showing a sec-
ond step of the method for manufacturing the silicon carbide
semiconductor device in the embodiment of the present
invention.

FIG. 10 is a schematic cross sectional view showing a third
step of the method for manufacturing the silicon carbide
semiconductor device in the embodiment of the present
invention.
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FIG. 11 shows a relation between on-state current and a
breakdown voltage.

DESCRIPTION OF EMBODIMENTS

The following describes embodiments of the present
invention with reference to figures. It should be noted that in
the below-mentioned figures, the same or corresponding por-
tions are given the same reference characters and are not
described repeatedly. Regarding crystallographic indications
in the present specification, an individual orientation is rep-
resented by [ ], a group orientation is represented by <>, and
an individual plane is represented by (), and a group plane is
represented by { }. In addition, a negative index is supposed
to be crystallographically indicated by putting “—" (bar)
above a numeral, but is indicated by putting the negative sign
before the numeral in the present specification. For descrip-
tion of an angle, a system in which an omnidirectional angle
is 360° is employed.

First, the following describes a configuration of a MOS-
FET as a silicon carbide semiconductor device in an embodi-
ment of the present invention.

Referring to FIGS. 1 and 2, MOSFET 1 has an element
region IR (activation region) and a termination region OR
(invalid region) surrounding element region IR. Terminal
region OR includes a guard ring region 5. In other words,
element region IR is surrounded by guard ring region 5. In
element region IR, a semiconductor element 7, such as a
transistor or a diode, is provided.

Semiconductor element 7 mainly includes a silicon carbide
substrate 10 made of hexagonal silicon carbide, a gate insu-
lating film 15, a gate electrode 17, a source electrode 16, and
adrain electrode 20, for example. Silicon carbide substrate 10
mainly includes an n+ substrate 11, a drift region 12, a p body
region 13, an n+ source region 14, and a p+ region 18. Silicon
carbide substrate 10 is made of hexagonal silicon carbide, for
example. Silicon carbide substrate 10 may have a main sur-
face 10a corresponding to a plane oft by about not more than
8° relative to a {0001} plane, for example.

N+ substrate 11 is a substrate made of hexagonal silicon
carbide and having n type conductivity (first conductivity
type).

N+ substrate 11 includes an n type impurity such as N
(nitrogen) at a high concentration. The concentration of the
impurity such as nitrogen in n+ substrate 11 is, for example,
about 1.0x10"® cm™.

Drift region 12 is an epitaxial layer made of silicon carbide
and having n type conductivity. Drift region 12 has a thick-
ness T1 of about 15 um, for example. Preferably, thickness T1
of drift region 12 is not less than 14.5 um and not more than
15.5 um. The n type impurity in drift region 12 is, for
example, nitrogen, and is included therein at an impurity
concentration lower than that of the n type impurity in n+
substrate 11. The concentration of the impurity, such as nitro-
gen, in drift region 12 is about 7.5x10'> cm™2, for example.

P body region 13 has p type conductivity. P body region 13
is formed in drift region 12 to include main surface 10a of
silicon carbide substrate 10. P body region 13 includes a p
type impurity, such as Al (aluminum) or B (boron). The
concentration of the impurity, such as aluminum, in p body
region 13 is about 1x10'7 cm2, for example.

N+ source region 14 has n type conductivity. N+ source
region 14 includes main surface 10qa, and is formed in p body
region 13 such that it is surrounded by p body region 13. N+
source region 14 includes an n type impurity, such as P (phos-
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phorus), at a concentration higher than that of the n type
impurity in drift region 12, for example, at a concentration of
about 1x10%° ¢cm™2.

P+ region 18 has p type conductivity. P+ region 18 is
formed in contact with main surface 10a and p body region 13
s0 as to extend through the vicinity of the center of n+ source
region 14. P+ region 18 includes a p type impurity, such as
aluminum or boron, at a concentration higher than that of the
p type impurity in p body region 13, for example, at a con-
centration of about 1x10%° cm™>.

Gate insulating film 15 is formed in contact with drift
region 12 to extend from above the upper surface of one n+
source region 14 to above the upper surface of the other n+
source region 14. Gate insulating film 15 is made of silicon
dioxide, for example.

Gate electrode 17 is disposed on and in contact with gate
insulating film 15 so as to extend from above one n+ source
region 14 to above the other n+ source region 14. Gate elec-
trode 17 is made of a conductor such as polysilicon or alumi-
num, for example.

On main surface 10q, source electrode 16 is disposed in
contact with n+ source region 14 and p+ region 18. Moreover,
source electrode 16 includes titanium (Ti) atoms, aluminum
(Al) atoms, and silicon (Si), for example. Source electrode 16,
which is thus an ohmic contact electrode containing Ti, Al,
and Si, has a low contact resistance with respect to both the p
type silicon carbide region and the n type silicon carbide
region.

Drain electrode 20 is formed in contact with the main
surface of n+ substrate 11 opposite to the main surface at
which drift region 12 is formed. This drain electrode 20 may
have the same configuration as that of source electrode 16 or
may be made of a different material, such as Ni, allowing for
ohmic contact with n+ substrate 11, for example. Accord-
ingly, drain electrode 20 is electrically connected to n+ sub-
strate 11.

Guard ring region 5 has an annular shape, and is disposed
in termination region OR of'silicon carbide substrate 10 so as
to surround element region IR in which semiconductor ele-
ment 7 is provided. Guard ring region 5 has p type conduc-
tivity (second conductivity type). Guard ring region 5 is an
electrically conductive region serving as a guard ring. Guard
ring region 5 includes: a JTE region 2 in contact with p body
region 13; and a plurality of guard rings 3 not in contact with
p body region 13, for example. Preferably, p body region 13 of
semiconductor element 7 has a thickness T1 larger than a
thickness T2 of guard ring region 5.

The plurality of guard rings 3 of guard ring region 5 include
an impurity such as boron or aluminum. The impurity con-
centration in each of the plurality of guard rings 3 is lower
than the impurity concentration of p body region 13. The
impurity concentration in each of the plurality of guard rings
3 is, for example, 1.3x10'* cm™2, and is preferably about not
less than 8x10'2 cm~2 and not more than 1.4x10** cm™2.

As shown in FIG. 2, guard ring region 5 has linear regions
B and curvature regions A continuously connected to linear
regions B. Specifically, linear regions B and curvature regions
A are disposed alternately to form annular guard ring region
5 that surrounds element region IR. Curvature region A has an
inner circumference portion 2¢ formed along the arc of a
circle having a center C. Curvature region A of guard ring
region 5 has a radius of curvature R. Radius of curvature R is
not less than 50 um and not more than 1260 pum, for example.

A value obtained by dividing radius of curvature R of inner
circumference portion 2¢ of guard ring region 5 by thickness
T1 of drift region 12 of semiconductor element 7 is not less
than 5 and not more than 10. For example, thickness T1 of
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drift region 12 is 15 pm and the radius of curvature of inner
circumference portion 2¢ of guard ring region 5 is 125 pm. In
the above case, the value obtained by dividing radius of cur-
vature R of inner circumference portion 2¢ of guard ring
region 5 by thickness T1 of drift region 12 of semiconductor
element 7 is about 8.3. When guard ring region 5 includes a
plurality of guard rings 3, inner circumference portion 2¢ of
guard ring region 5 refers to inner circumference portion 2¢ of
guard ring 3 disposed closest to semiconductor element 7 (in
other words, the innermost guard ring 3).

When guard ring region 5 includes a plurality of guard
rings 3, the plurality of guard rings 3 are disposed with a gap
interposed therebetween. Specifically, each of the plurality of
guard rings 3 has linear regions B and curvature regions A.
Linear regions B of the plurality of guard rings 3 are disposed
in parallel with each other in a plan view. Meanwhile, curva-
ture regions A of the plurality of guard rings 3 are disposed
along the arcs of concentric circles having center C and hav-
ing different radii. The respective concentrations of the p type
impurities in the plurality of guard rings 3 may be the same or
may be different from one another. Of the plurality of guard
rings 3, a guard ring 3 at the outer circumference side prefer-
ably has an impurity concentration lower than the impurity
concentration of a guard ring 3 at the inner circumference
side.

Guard ring region 5 may have JTE (Junction Termination
Extension) region 2 making contact with p body region 13 of
semiconductor element 7 and having p type conductivity, for
example. JTE region 2 may have the same impurity as the
impurity of guard ring 3 at the same impurity concentration as
the impurity concentration of guard ring 3. The impurity
concentration of JTE region 2 is lower than the impurity
concentration of p body region 13. Preferably, thickness Ti of
p body region 13 of semiconductor element 7 is larger than
thickness T2 of JTE region 2. It should be noted that when
guard ring region 5 includes JTE region 2 and guard rings 3,
guard ring region 5 refers to a region between inner circum-
ference portion 2¢ of JTE region 2 and outer circumference
portion 3d of the outermost guard ring 3 in a plan view.

Referring to FIG. 3, guard ring region 5 of MOSFET 1 may
not have JTE region 2 in contact with p body region 13 and
may have guard ring 3 not in contact with p body region 13.
The impurity and impurity concentration of guard ring 3 are
the same as those of the foregoing guard ring 3. One guard
ring 3 may be provided or a plurality of guard rings 3 may be
provided. Preferably, a plurality of guard rings 3 are disposed
with a gap being interposed therebetween.

Referring to FIG. 4, MOSFET 1 may have JTE region 2 in
contact with p body region 13, and source electrode 16a may
be formed in contact with JTE region 2. Source electrode 16a
is electrically connected to source electrode 16 formed in
contact with source region 14 surrounded by p body region 13
and p+ region 18 surrounded by source region 14.

Referring to FIG. 5 and FIG. 6, MOSFET 1 may further
include a field stop region 4 having n type conductivity so as
to surround guard ring region 5 having p type conductivity.
Field stop region 4 has the same conductivity type (n type) as
that of drift region 12. Field stop region 4 has an impurity
concentration higher than the impurity concentration of drift
region 12. The concentration of the impurity in field stop
region 4 is about 1.0x10*® cm™3, for example. Preferably, a
shortest distance D between outer circumference portion 3d
of guard ring region 5 and inner circumference portion 4¢ of
field stop region 4 is constant at any position of outer circum-
ference portion 3d of guard ring region 5. When guard ring
region 5 has a plurality of guard rings 3, shortest distance D
refers to the shortest distance between outer circumference
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portion 3d of the outermost guard ring 3 and inner circumfer-
ence portion 4¢ of field stop region 4.

The following describes an operation of MOSFET 1. When
gate electrode 17 is fed with a voltage not more than a thresh-
old value, i.e., during the OFF state, p body region 13 and drift
region 12 just below gate insulating film 15 are reverse-
biased, with the result that MOSFET 1 is brought into the
non-conductive state. On the other hand, when gate electrode
17 is fed with a positive voltage, an inversion layer is formed
in a channel region near a location at which p body region 13
makes contact with gate insulating film 15. As a result, n+
source region 14 and drift region 12 are electrically connected
to each other, whereby a current flows between source elec-
trode 22 and drain electrode 20.

The following describes a method for manufacturing
MOSFET 1 according to the embodiment of the present
invention.

Referring to FIG. 8, silicon carbide substrate 10 is first
prepared in a substrate preparing step (S10: FIG. 7). Specifi-
cally, drift region 12 is formed by epitaxial growth on one
main surface of n+ substrate 11 made of hexagonal silicon
carbide. The epitaxial growth can be performed using, as a
source material gas, a mixed gas of SiH, (silane) and C;Hg
(propane), for example. On this occasion, N (nitrogen) is
introduced as an n type impurity, for example. In this way,
drift region 12 is formed which includes the n type impurity at
a concentration lower than that of the n type impurity in n+
substrate 11.

Next, an oxide film made of silicon dioxide is formed on
main surface 10q of silicon carbide substrate 10 by means of
CVD (Chemical Vapor Deposition), for example. Then, a
resist is applied onto the oxide film and then exposure and
development are performed, thereby forming a resist film
having an opening at a region in conformity with the shape of
desired p body region 13. Then, the oxide film is partially
removed by means of RIE (Reactive Ion Etching) using the
resist film as a mask, for example, thereby forming a mask
layer constructed of the oxide film with an opening pattern on
drift region 12.

Referring to FIG. 9, an ion implantation step (S20: FIG. 7)
is performed. In the ion implantation step, ions are implanted
into silicon carbide substrate 10, thereby forming p body
region 13, n+ source region 14, and guard ring region 5.
Specifically, after removing the resist film described above,
ions of the p type impurity such as Al are implanted into drift
region 12 using the mask layer as a mask, thereby forming p
body region 13 and guard ring region 5. Moreover, after
removing the oxide film used as the mask, a mask layer is
formed which has an opening at a region in conformity with
the shape of desired n+ source region 14.

Next, the mask layer is used as a mask to introduce an n
type impurity, such as P (phosphorus), into drift region 12
through ion implantation, thereby forming n+ source region
14. Next, a mask layer having an opening at a region in
conformity with the shape of desired p+ region 18 is formed,
and this mask layer is used as a mask to introduce a p type
impurity, such as Al or B, into drift region 12 through ion
implantation, thereby forming p+ region 18. It should be
noted that p body region 13 of semiconductor element 7 may
be formed before/after the formation of guard ring region 5.
The formation of guard ring region 5 specifically refers to the
formation of JTE region 2 and guard ring 3. It should be noted
that the implantation depth of p body region 13 is preferably
larger than the implantation depth of guard ring region 5.
Moreover, field stop region 4 may be formed to surround
guard ring region 5 in a plan view.
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Next, a heat treatment is performed to activate the impuri-
ties introduced by the ion implantations described above.
Specifically, for example, silicon carbide substrate 10 having
the ions implanted therein is heated at about 1700° C. in an Ar
(argon) atmosphere and is held for about 30 minutes.

Referring to FIG. 10, a gate insulating film forming step
(step S30: FIG. 7) is performed. Specifically, first, silicon
carbide substrate 10 is thermally oxidized in which the
desired ion implantation regions are formed by the above-
described step (S20: FIG. 7). The thermal oxidation can be
performed by heating at about 1300° C. in an oxygen atmo-
sphere for about 40 minutes, for example. Accordingly, gate
insulating film 15 made of silicon dioxide is formed on main
surface 10a of silicon carbide substrate 10.

Next, a gate electrode forming step (S40: FIG. 7) is per-
formed. In this step, gate electrode 17, which is made of a
conductor such as polysilicon or aluminum, is formed in
contact with gate insulating film 15 so as to extend from above
one n+ source region 14 to above the other n+ source region
14. When polysilicon is employed as the material of gate
electrode 17, the polysilicon can be configured to include
phosphorus at a high concentration more than 1x10?° cm™.
Then, an insulating film made of, for example, silicon dioxide
is formed to cover gate electrode 17.

Next, an ohmic electrode forming step (S50: FIG. 7) is
performed. Specifically, for example, a resist pattern is
formed to expose p+ region 18 and a portion of n+ source
region 14, and a metal film including, for example, Si atoms,
Tiatoms, and Al atoms is formed entirely on the surface of the
substrate by means of, for example, sputtering. Then, by, for
example, lifting off the resist pattern, metal film 50 is formed
in contact with gate insulating film 15 and in contact with p+
region 18 and n+ source region 14. Then, for example, by
heating the metal film at about 1000° C., source electrode 16
is formed in ohmic contact with silicon carbide substrate 10.
Moreover, drain electrode 20 is formed in contact with n+
substrate 11 of silicon carbide substrate 10. MOSFET 1
shown in FIG. 1 is completed.

It should be noted that a configuration may be employed in
which n type conductivity and p type conductivity in the
embodiment are replaced with each other. Moreover, in the
present embodiment, the planar type MOSFET has been
described as an example of the silicon carbide semiconductor
device, the silicon carbide semiconductor device may be a
trench type MOSFET. Furthermore, the silicon carbide semi-
conductor device may be an IGBT (Insulated Gate Bipolar
Transistor) or the like.

Next, the following describes function and effect of the
method for manufacturing MOSFET 1 according to the
present embodiment.

In accordance with MOSFET 1 according to the present
embodiment, the value obtained by dividing radius of curva-
ture R of inner circumference portion 2¢ of curvature region
A of guard ring region 5 by the thickness of drift region 12 is
not less than 5 and not more than 10. Because the value
obtained by dividing radius of curvature R of inner circum-
ference portion 2¢ of curvature region A of guard ring region
5 by the thickness of drift region 12 is not less than 5 and not
more than 10, the breakdown voltage can be improved while
suppressing decrease of the on-state current.

Further, in accordance with MOSFET 1 according to the
present embodiment, semiconductor element 7 includes a
body region 13 in contact with drift region 12 and having the
second conductivity type. A thickness T2 of body region 13 is
larger than athickness T3 of guard ring region 5. Accordingly,
electric field concentration can be suppressed efficiently at
corner portion 13¢ of body region 13.
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Further, in accordance with MOSFET 1 according to the
present embodiment, guard ring region 5 includes a JTE
region 2 in contact with body region 13 and having the second
conductivity type. Accordingly, the breakdown voltage can
be improved by JTE region 2 making contact with body
region 13.

Further, in accordance with MOSFET 1 according to the
present embodiment, semiconductor element 7 includes a
source region 14 in contact with body region 13 and having
the first conductivity type, and a source electrode 16 in con-
tact with source region 14. JTE region 2 is in contact with
source electrode 16. Accordingly, source region 14 can draw
electrons from JTE region 2 at a high speed, whereby a
depletion layer can be formed also in a high-frequency opera-
tion.

Further, in accordance with MOSFET 1 according to the
present embodiment, guard ring region 5 includes a guard
ring 3 not in contact with element region IR. Accordingly, the
breakdown voltage can be improved by guard ring 3 that does
not make contact with element region IR.

Further, in accordance with MOSFET 1 according to the
present embodiment, a plurality of guard rings 3 are provided.
A value obtained by dividing a radius of curvature R of an
inner circumference portion 2¢ of a curvature region A of an
innermost guard ring 3 of the plurality of guard rings 3 by
thickness T1 of drift region 12 is not less than 5 and not more
than 10. In the case where there are the plurality of guard rings
3, radius of curvature R of the innermost guard ring 3
becomes smaller than radii of curvatures R of the other guard
rings 3. Because the value obtained by dividing radius of
curvature R of the inner circumference portion of curvature
region A of the innermost guard ring 3 by thickness T1 of drift
region 12 is not less than 5 and not more than 10, the break-
down voltage can be improved while suppressing decrease of
on-state current.

MOSFET 1 according to the present embodiment further
includes a field stop region 4 having the first conductivity type
and surrounding guard ring region 5 in a plan view. Accord-
ingly, the breakdown voltage of the silicon carbide semicon-
ductor device can be improved further.

Further, in accordance with MOSFET 1 according to the
present embodiment, a distance d between an outer circum-
ference portion 34 of guard ring region 5 and an inner cir-
cumference portion 4c of field stop region 4 is constant at any
position of outer circumference portion 3d of guard ring
region 5 in a plan view. Accordingly, an electric field can be
suppressed from being concentrated locally.

Example

In the present example, a relation between the on-state
current and the breakdown voltage was examined by chang-
ing the value obtained by dividing radius of curvature R of the
inner circumference portion of guard ring 3 by thickness T1
of drift region 12 (hereinafter, referred to as “drift layer
ratio”). First, three types of MOSFETs 1 each made of silicon
carbide and including drift region 12 having thickness T1 of
15 um were prepared using the manufacturing method illus-
trated in the embodiment. The n type impurity concentration
of drift region 12 was set at 7.5x10*®> cm~2. The chip of
MOSFET 1 was a square having each side of 3 mm.

In MOSFET 1, guard ring region 5 was provided to sur-
round element region IR. The impurity concentration of
guard ring region 5 was set at 1.3x10'*> cm™2. Radii of curva-
tures R of inner circumference portions 2¢ of curvature
regions A of guard ring regions 5 of MOSFETs 1 were set at
50 um, 125 um, and 1260 pum, respectively. That is, three types
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of MOSFETs 1 were prepared in which the drift layer ratios
were 3.3, 8.3, and 84.3. For each of MOSFETs 1, the on-state
current and the breakdown voltage were measured. It should
be noted that the shape of element region IR of the MOSFET
having a drift ratio of 84.3 is circular in a plan view.

The breakdown voltage was measured by applying reverse
voltage to each of the MOSFETs and measuring a reverse
current. The breakdown voltage was defined as a voltage such
that the reverse current becomes large rapidly when the
reverse voltage is increased. A resulting broken portion was
specified using an emission microscope. For example, when
MOSFET 1 having a drift layer ratio of 3.3 was observed
using an emission microscope and the reverse voltage was
1200 V, strong light emission was observed at curvature
region A of guard ring region 5. That is, it was confirmed that
breakage took place at curvature region A of guard ring region
5.

Referring to FIG. 11, the following describes a relation
between the on-state current of MOSFET 1 and the break-
down voltage. When radius of curvature R of curvature region
A of guard ring region 5 becomes small, an electric field is
likely to be concentrated on curvature region A, with the
result that the breakdown voltage is decreased. A targeted
specification for the breakdown voltage in MOSFET 1 is, for
example, 1200 V. When the drift layerratio is 3.3, the on-state
current exhibits a high value of 13.6 A but the breakdown
voltage is about 1100V, which does not satisty the specifica-
tion. A drift layer ratio allowing for a breakdown voltage of
not less than 1200 V is considered to be 5 or more.

On the other hand, when radius of curvature R of curvature
region A of guard ring region 5 becomes large, the electric
field concentration is eased, with the result that the break-
down voltage is increased. However, when the area of curva-
ture region A is increased, the area of element region IR is
decreased, with the result that the on-state current flowing in
semiconductor element 7 becomes small. MOSFET 1 desir-
ably has a high breakdown voltage and a high on-state current
(i.e., has characteristics indicated at the upper right side in
FIG. 11). A targeted specification for the on-state current in
MOSFET 1 is, for example, 12 A. When the drift layer ratio is
8.3, the breakdown voltage is 1800V and the on-state current
is 12.8 A. When the drift layer ratio is 84.3, the breakdown
voltage is high, i.e., 1900V but the on-state current is about 10
A, which does not satisty the specification. When the drift
layer ratio exceeds 8.3, the breakdown voltage is not
increased so much but the on-state current is decreased rap-
idly. A drift layer ratio allowing for the on-state current of not
less than 12 A is considered to be 10 or less. Hence, it is
considered that a drift layer ratio achieving both the specifi-
cations for the on-state current and the breakdown voltage is
not less than 5 and not more than 10.

The embodiments and examples disclosed herein are illus-
trative and non-restrictive in any respect. The scope of the
present invention is defined by the terms of the claims, rather
than the embodiments described above, and is intended to
include any modifications within the scope and meaning
equivalent to the terms of the claims.

REFERENCE SIGNS LIST

1: MOSFET; 2: JTE region; 2a: curvature region; 25: linear
region; 2¢: inner circumference portion; 3: guard ring;
3a: curvature region; 3b: linear region; 5: guard ring
region; 7: semiconductor element; 10: silicon carbide
substrate; 10a: main surface; 11: n+ substrate; 12: drift
region; 13: p body region; 14: n+ source region; 15: gate
insulating film; 16: source electrode; 17: gate electrode;
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18: p+ region; 20: drain electrode; A: curvature region;
B: linear region; IR: element region; OR: termination
region.

The invention claimed is:

1. A silicon carbide semiconductor device, comprising: an
element region in which a semiconductor element is pro-
vided; and a guard ring region having a first conductivity type
and surrounding said element region in a plan view,

said semiconductor element including a drift region having

a second conductivity type different from said first con-
ductivity type,

said guard ring region including a linear region and a

curvature region continuously connected to said linear
region,

a value obtained by dividing a radius of curvature of an

inner circumference portion of said curvature region by
a thickness of said drift region being not less than 5 and
not more than 10.

2. The silicon carbide semiconductor device according to
claim 1, wherein

said semiconductor element includes a body region in con-

tact with said drift region and having said second con-
ductivity type, and

athickness of said body region is larger than a thickness of

said guard ring region.

3. The silicon carbide semiconductor device according to
claim 2, wherein said guard ring region includes a JTE region
in contact with said body region and having said second
conductivity type.
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4. The silicon carbide semiconductor device according to
claim 3, wherein

said semiconductor element includes a source region in

contact with said body region and having said first con-
ductivity type, and a source electrode in contact with
said source region, and

said JTE region is in contact with said source electrode.

5. The silicon carbide semiconductor device according to
claim 1, wherein said guard ring region includes a guard ring
not in contact with said element region.

6. The silicon carbide semiconductor device according to
claim 5, wherein

a plurality of said guard rings are provided, and

a value obtained by dividing a radius of curvature of an

inner circumference portion of a curvature region of an
innermost guard ring of the plurality of said guard rings
by said thickness of said drift region is not less than 5 and
not more than 10.

7. The silicon carbide semiconductor device according to
claim 1, further comprising a field stop region having said first
conductivity type and surrounding said guard ring region in a
plan view.

8. The silicon carbide semiconductor device according to
claim 7, wherein a distance between an outer circumference
portion of said guard ring region and an inner circumference
portion of said field stop region is constant at any position of
said outer circumference portion of said guard ring region in
a plan view.



